The complexity of survival mechanisms in cancer cells from patients remains poorly understood. To obtain a comprehensive picture of tumor cell survival in prostate cancer metastases, we interrogated 5 survival proteins that operate within 3 survival pathways in a cohort of 185 lethal metastatic prostate metastases obtained from 44 patients. The expression levels of BCL-2, BCL-XL, MCL-1, cytoplasmic Survivin, nuclear Survivin, and Stathmin were measured by immunohistochemistry in a tissue microarray. Simultaneous expression of 3 or more proteins occured in 81% of lethal prostate cancer metastasis and BCL-2, cytoplasmic Survivin and MCL-1 were co-expressed in 71% of metastatic sites. An unsupervised cluster analysis separated bone and soft tissue metastases according to patterns of survival protein expression. BCL-2, cytoplasmic Survivin and MCL-1 had significantly higher expression in bone metastases (p < 10 −5 ), while nuclear Survivin was significantly higher in soft tissue metastases (p = 3×10 −14 ). BCL-XL overexpression in soft tissue metastases almost reached significance (p =0.09), while stathmin expression did not (p=0.28). In addition, the expression of MCL-1 was significantly higher in ARpositive tumors. Neuroendocrine differentiation was not associated with specific survival pathways. These studies demonstrate for the first time that bone and soft tissue metastases from the same patient differ significantly in expression of a panel of survival proteins and that with regards to survival protein expression, expression is associated with metastatic site and not patient. Altogether this study suggests that optimal therapeutic inhibition may require combinations of drugs that target both bone as well as soft tissue-specific survival pathways.
Introduction
During tumor progression, prostate cancer cells loose susceptibility to a variety of mechanisms that normally promote programmed cell death (1) . Multiple survival pathways in prostate cancer cells prevent apoptosis by inhibiting the proteolytic activation of executer caspases, which are a point of convergence for the intrinsic and extrinsic apoptotic cell death pathways (2) . Regulated by the ratio of pro-survival to pro-death members of the BCL-2 family, the intrinsic pathway stimulates the release of cytochrome c from mitochondria (3) . The expression of BCL-2 family members, BCL-2, BCL-XL and MCL-1 in prostate cancer cells, in vivo, is an important contributor to cell survival (4) .
Inhibitors of apoptosis proteins (IAPs), which block caspase activity, interfere with the execution of apoptotic programs (5) . Survivin is a structurally unique IAP, which shuttles between the cytoplasm and the nucleus (6) . Cytoplasmic and nuclear forms of Survivin are involved in separate cytoprotective pathways in cancer cells. In the cytoplasm, Survivin is stabilized by complex formation with XIAP, another IAP, as well as several cytoplasmic chaperones (7) . In C.elegans and yeast nuclei, orthologues of Survivin play key roles in chromosomal segregation and cytokinesis during mitosis (8) . In eukaryotic nuclei, two separate pools of Survivin appear to work together in the mitotic spindle checkpoint to stabilize microtubules (9) (10) . Altogether, expression levels, activity and subcellular localization of Survivin are regulated by monoubiquitination and phosphorylation by mitotic kinases (11) .
Stathmin has recently been used as a surrogate marker of the loss of the tumor suppressor protein, PTEN (12) . PTEN loss occurs in approximately 46% of advanced prostate cancers and leads to hyperactivation of the AKT/mTOR pathway, a major survival pathway in the context of cell adhesion and growth factor receptors (12) . AKT can inhibit the heterodimerization of BCL-2 family members to reduce apoptosis (13) .
BCL-2, BCL-XL, MCL-1 and Survivin expression has been measured in primary prostate cancers and in small cohorts of lymph node and bone metastases (14, 15) , (16) and expression has been associated with transgression of the prostate capsule, risk of relapse and metastatic progression (17, 18) . However, conclusions from published work are limited because of small cohort sizes with only one sample per patient as well as the small number of survival proteins analyzed in each study. In light of extensive therapeutic development against pro-survival pathways (19) the lack of knowledge of concurrent expression of multiple survival pathways and the heterogeneity across metastatic sites hinders the development of combinatorial therapeutic strategies to kill cancer cells.
To perform a thorough analysis of survival mechanisms in metastatic prostate cancer in patients, we used immunohistochemistry to measure BCL-2, BCL-XL and MCL-1, cytoplasmic and nuclear Survivin and Stathmin as a surrogate measure of PTEN loss. We took advantage of a large cohort of metastatic tissues that were collected in the context of a rapid autopsy program at the University of Washington to analyze the expression of survival pathways in multiple metastases from the same patient and within the same region of the tumors. This study represents the first broad analysis of survival proteins in metastatic prostate cancer in a cohort of sufficient size to detect statistically significant differences between bone and soft tissue metastases. In addition, the design of the study permits distinguishing regulatory effects intrinsic to cancer cells from those of the tumor microenvironment.
MATERIALS AND METHODS

Tissue microarray of patient cancers
Tissues were obtained from the Prostate Cancer Donor Rapid Autopsy Program at the University of Washington (UW) from consented subjects (20) . Samples from bone and grossly visible metastatic disease in lymph nodes, liver, lung and other sites were collected in a systematic and consistent fashion on every case (21) . A human tissue microarray (UWTMA21) was constructed from 44 patients with 185 metastatic sites of which 121 are bone metastases and 64 are soft tissue metastases (22) . The soft tissue metastases include 35 lymph nodes, 19 livers and 10 other soft tissue sites. Each metastatic site is represented by 2 cores.
Immunohistochemistry
The antibodies and conditions used in IHC are summarized in Supplementary Table S1 . Briefly, 5-micron thick formalin-fixed and paraffin embed sections were obtained from the tissue microarray (TMA). Slides were baked and deparaffinized. Antigen retrieval for anti-MCL-1 was performed at pH 9.0. For all other antibodies, the antigens were retrieved at pH 6.0 either in the vegetable steamer in a beaker with glass pebbles for 40 min or in a pressure cooker for 10 min to avoid local overheating and core loss. Slides were developed using the Vector labs ABC kit or the EnVision-HRP-enzyme conjugate and 3,3′-diaminobenzidine tetrahydrochloride (DAB) as a substrate. The counterstain was carried out with Hematoxylin 2. Normal mouse or rabbit IgG was used as a control.
Staining Evaluation
TMA cores were scored by 3 observers (C.A., X.Z. or B.S.K.). For all markers, staining was scored based on both intensity and percentage. The intensity of positive staining was graded on a three-tiered scale from 0 -2+ (0 = no staining, 1+ = weak to moderate staining, 2+ = strong staining) in nuclear and cytoplasmic compartments. When expression was heterogeneous, the percentage of each staining intensity in the core was also scored between 0% to 100%. The staining intensity score was then multiplied by the percentage of positive cells. The total scores were averaged across duplicate cores for further analysis. Because the area of the core is small, most cores have uniform staining and will have total scores of 0, 100 and 200.
Statistical methods
The association between the effect of class (bone/soft tissue) and expression level is measured by the linear mixed effect model, with accounting for dependent non-balanced multiple metastatic sites of the same patient. When expression levels were categorized into ordinal categories, the chi-squared test for trend in proportions was used. Hierarchical clustering was used for the supervised and unsupervised analyses. Spearman's rank correlation is used for measuring pairwise associations among the biomarkers measured.
RESULTS
Prostate cancer metastases reveal heterogeneous molecular aberrations. Previous studies demonstrated variable expression of the androgen receptor, cell proliferation, neuroendocrine differentiation, and expression of E-cadherin (21, 23) . Here we analyzed a cohort of 185 metastases from 44 patients with multiple metastatic samples from each patient to determine expression patterns of multiple survival pathways.
Metastatic tissue samples were collected shortly after death due to metastatic prostate cancer from bone (65.4%), lymph node (18.9%), liver (10.3%), and other sites (5.4%) with visible metastatic growth. Core biopsies of metastatic tissues measuring 1 millimeter in diameter are displayed in a tissue microarray (TMA) and during the staining process fewer than 5% of cores were lost ( Figure 1A ). Prior to their use for immunohistochemistry, the specificity of antibodies was confirmed by Western blotting with detergent-extracted proteins from prostate cancer cell lines (data not shown). We measured the expression of BCL-2, BCL-XL, MCL-1, cytoplasmic and nuclear Survivin and Stathmin in consecutive sections from the TMA, which facilitated the comparison of expression of multiple proteins in the same region of the tumor. Data from each slide were collected independently by two observers with expertise in the scoring of immunohistochemical stains and discordant results were discussed. If the tumor in the core demonstrated uneven expression, the average intensity of cancer cells in the core was calculated. Most cores demonstrated homogenous expression (Supplementary Figure 1) , resulting in overall expression scores in increments of 50 between 0 and 200. Therefore, for statistical analysis, the semi-continuous values were categorized into three ordinal categories of 0, 100 and 200. BCL-2, BCL-XL, MCL-1 and Stathmin were exclusively expressed in the cytoplasm, whereas Survivin was expressed in the cytoplasm and nucleus. Since the functions and association with disease progression of Survivin in the cytoplasm and nucleus differ (24, 25) , subcellular compartments were scored separately and in the case of nuclear Survivin, expression was measured with 2 separate antibodies.
We obtained expression data of BCL-2, BCL-XL, MCL-1, Survivin, and Stathmin from between 167 and 176 of 185 metastatic sites ( Figure 1A ). As expected, the amounts of expression varied across metastases from the same patient (Supplementary Figure 2) . The expression was highest for MCL-1 with scores > 150 in 50% of metastases. BCL-2, BCL-XL and nuclear survivin expression was high (expression score > 150) in 25% and cytoplasmic survivin was highly expressed in 15% of cases ( Figure 1B ). We were concerned about the accuracy of evaluating the loss of PTEN and potential for high false negative rates because of compromises in tissue quality during the autopsy procedure. Instead, we used Stathmin as a surrogate marker of PTEN loss (12) . Stathmin expression was noted in 44% of metastasis, (Figure 1B) , which is similar to the reported rate of PTEN loss in prostate cancer lymph node metastases (26) .
The expression of Survivin was observed in the cytoplasm and in the nucleus. Nuclear expression was measured with an antibody that binds to both cytoplasmic and nuclear Survivin as well as with an antibody selective for the nuclear form. The measurements with the two antibodies were in good agreement (Spearman's rank correlation is 0.46, p < 0.0001), supporting specificity for the nuclear Survivin measurement. Figure 1C depicts the extent of co-expression of BCL-2, BCL-XL, MCL-1, cytoplasmic and nuclear Survivin, and Stathmin. In 81% of metastases, 4 or more of the proteins were coexpressed. In addition, evaluation of those survival pathways with the highest expression in bone metastases demonstrated concurrent expression of BCL-2, cytoplasmic Survivin, and MCL-1 occurred in 71% of metastatic sites ( Figure 1D) . Together these data demonstrate significant redundancy in survival pathways in prostate cancer metastases.
Given the heterogeneity of expression of survival proteins, we performed supervised and unsupervised hierarchal cluster analyses. First, we explored whether patients can be grouped based on expression patterns of the 5 survival proteins. We calculated the average expression across all bone or soft tissue metastases, respectively, from each patient. In a supervised cluster analysis, when grouping bone and soft tissue metastases from each patient together, no clusters were detectable ( Figure 2A ). Next, we performed an unsupervised cluster analysis. In this case, we observed two separate clusters of bone and soft tissue metastases ( Figure 2B ). Further subdivision of soft tissue metastases into lymph node, liver, lung or other sites did not reveal additional clusters. The results from this analysis clearly demonstrate that with respect to the survival proteins in our study, metastases from the same site (bone or soft tissue) across patients are more similar to each other than metastases within a patient. This result is in sharp contrast to previous reports of genomic data clustering, which demonstrated clustering of metastatic sites within patients (27) .
We further analyzed the expression differences of survival proteins between bone and soft tissue metastases and observed highly significant differences for all proteins, except for BCL-XL and Stathmin (Figure 3) . To calculate the significance of the difference, we used a mixed effect model, which takes into consideration the dependency of multiple metastases from the same patient. The resulting p-values were < 10 −6 for BCL-2, MCL-1, cytoplasmic and nuclear Survivin. In addition, the expression between cytoplasmic and nuclear Survivin was negatively correlated (Spearman's rank correlation is -0.42, p < 0,0001) and the greater expression of BCL-XL in soft tissue metastases almost reached significance (p < 0.09). In Figure 4 , we compared average expression levels of bone and soft tissue metastases for each patient separately and noted the differences in expression also on a per patient basis.
Next we interrogated associations between survival pathways and androgen receptor (AR) expression or neuroendocrine (NE) differentiation. In this cohort, 86.7% of metastases express AR, while 13.3% are AR negative (22) . The only significant difference occurred in expression of MCL-1, which was higher in AR positive than in AR negative metastases (p=0.037) ( Table 1) . NE differentiation was identified by expression of synaptophysin and chromogranin, which was observed in 19 of 161 metastases (11.8 %), of which 9 (47.4%) expressed the AR. However there was no significant difference in survival protein expression in association with NE differentiation.
Patients were treated with ketoconazole, taxotere, DES and mitoxantrone. Comparing treated and untreated patients, we did not identify a consistent effect of drug treatment on survival protein expression levels (data not shown).
Together, our data demonstrate significant differences in expression of key survival proteins in bone versus soft tissue metastases. Since these constitute pathways of drug resistance, they may need to be abolished to obtain durable treatment responses with targeted therapeutic agents.
Discussion
To obtain a better understanding of the repertoire of survival pathways in metastatic prostate cancer we profiled three parallel, major survival pathways in a tissue microarray of 185 metastases from 44 patients. The survival pathways included (1) the BCL-2 family members, BCL-2, BCL-XL and MCL-1, (2) Survivin, and (3) Stathmin as a surrogate for the loss of PTEN. As expected, prostate cancer metastases express multiple survival pathways simultaneously. Except for 13/185 metastases (7%), all metastatic sites manifested expression of 2 or more survival proteins and 21% expressed all 6 survival proteins. As the efficiency of drugs that inhibit BCL-2/BCL-XL, such as ABT-737, is reduced through expression of MCL-1 and hyperactivation of the AKT pathway (28, 29) , recognizing the expression of multiple survival proteins early on will help to guide treatment decisions and enhance treatment responses.
Interestingly, the overall profile of survival pathways displayed dramatic differences between bone and soft tissue metastases. While in bone, BCL-2, cytoplasmic Survivin, and MCL-1 were highly expressed, in soft tissue metastasis, nuclear Survivin and BCL-XL prevailed. A possible reason for the high expression of BCL-2, cytoplasmic Survivin and MCL-1 in bone metastasis is their upregulation by cell surface receptors that are overexpressed in bone compared to soft tissue metastases. For example, we demonstrated that the c-MET receptor, which can enhance MCL-1 expression, is highly expressed in practically all bone metastases, while c-MET expression in soft tissue metastases is significantly diminished (30) . Thus the transcriptional regulation of MCL-1 by c-MET (31) could explain upregulation of MCL-1 in bone metastases. Unfortunately, because the RNA is degraded through the decalcification process, this cannot be experimentally proven. Thus, the microenvironmental influence may provide a plausible reason for the discrepant results of cluster analyses based on genomic data, where clustering occurs according to patients (27) , and expression of survival proteins, where clustering is according to metastatic site. Altogether the data support a strong microenvironmental influence in the regulation of survival pathways in metastatic prostate cancer through transcriptional rather than genomic deregulation (32) .
The tissues in this study were from patients who received multiple systemic therapies against metastatic prostate cancer. Each round of treatment will select for cells with specific pre-existing survival pathways or may induce new mechanisms for survival. With one exception, all patients in our study were treated with anti-androgen therapies and most patients received even more aggressive androgen suppression with ketoconazole. Diethylstilbersterol, Taxetere and mitoxantrone were also commonly used. While heightened expression of survival proteins has been related to the resistance against these treatments (33-35), we did not observe a consistent association between any specific treatment exposure and expression of particular survival proteins. A longitudinal comparison of metastatic disease before versus after exposure to therapy would be required to precisely assess the impact of therapy on expression of survival proteins in the metastatic context. Altogether, our results suggest that bone and soft tissue metastases differ with regards to survival pathways. The possible regulation of gene expression by the tumor microenvironment highlights the role of targeting the environment as well as the tumor cells to achieve optimal therapeutic responses.
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